INTRODUCTION 27
Sperm competition arises throughout the animal kingdom whenever females mate with more 28 than one male (Parker 1970 (Parker , 1998 . Recent work has emphasised that a male's success at 29 sperm competition derives not only from his investment in high quality sperm but from his 30 ability to manipulate female fecundity as well (e.g. Cameron vespilloides. Burying beetles breed on a small dead vertebrate, like a mouse, which they 64 require to provision their larvae (Scott 1998) . There is competition for this scarce resource 65 and disputes are settled by fighting within each sex. The outcome determines an individual's 66 social status during that breeding event (Müller et al. 1990 We analysed the effect of a male's social status on fecundity stimulation by using body size 81 as a proxy for dominant (= large) or subordinate (= small) status. We began by 82 phenotypically engineering males and females of different sizes, within the natural range, by 83 varying the extent of their nourishment while larvae (see Methods). Males were either 'Large' 84 or 'Small', while females were of intermediate size (see Methods). Upon reaching sexual 85 maturity, these males and females were then divided into four treatment groups. Females 86 roughly 50% whereas for Large males P2 was approximately 75% (Figure 1 ), regardless of 98 the size of the first male to mate with the female. Overall, we found P2 was considerably 99 lower than reported in previous studies on N. vespilloides, which used sterile males or a 100 phenotypic marker to assign paternity (63% of all offspring vs c. 90% from previous work 101 (e.g. Eggert & Müller 1989 , House et al. 2007 , 2008 ). 102
There was no significant interaction between the size of the first and second males 103 that influenced P2 values (estimated effect = 0.45 ± 0.35, z = 1.27, P = 0.20), nor did the size 104 of the first male influence the proportion of the brood that he sired (estimated effect = 0.13 ± 105 0.18, z = 0.70, P = 0.48, Fig. 1 ). Carcass size (estimated effect = 0.23 ± 0.17, z = 1.40, P = 106 0.16) and female size (estimated effect = 0.49 ± 0.33, z = 1.50, P = 0.13) were each 107 unrelated to P2 values. We cannot infer from our data why Large males obtained larger P2 108 scores. It is possible that they produced more competitive sperm, or ejaculates that better 109 promoted fertilisation success (Perry et al. 2013 ). It is just as possible that females simply 110 mated more frequently with Large second males than with Small second males (cf Moya-111
Marano & Fox 2006). 112
We found that Small males were more effective at stimulating female fecundity than 113
were Large males (Figure 2a ). When Small males were first to mate, females then laid 114 significantly more eggs than when Large males were first to mate (z = 2.64, P = 0.008, 115 Figure 2a ). Carcass mass independently and positively influenced clutch size (z = 4.10, P < 116 0.001). There was no interaction between the size of the first male and the size of the second 117 male on clutch size (z = 1.26, P = 0.21), and nor did size of the second male influence clutch 118 size (z = -1.40, P = 0.16). These differences in fecundity persisted until larvae dispersed 119 away from the carcass to pupate ( Figure 2b ). Broods were larger when Small males mated 120 first than when Large males mated first (z = 2.96, P = 0.003, Fig. 2b ). Carcass size did not 121 explain variation in brood size (z = 0.88, P = 0.38). There was no interaction between the first 122 and second males in determining brood size (z = 0.43, P = 0.67) nor did second male size 123 have any effect (z = -0.87, P = 0.38). 124
The stimulation of female fecundity is a public good (Cameron et al 2007, Alonzo & 125 stimulation. We also found evidence that Large males mating second benefitted from the 133 increased clutch size stimulation by the Small male mating first. They produced more 134 offspring than Small males mating second after a different Small male (Figure 3b , z = 2.86, P 135 = 0.02). They also tended to produce more offspring than the Large males mating second 136 after another Large male, though not significantly so (Figure 3b , estimated effect = 0.28 ± 137 0.14, z = 2.10, P = 0.15). 138
Although our experimental design deliberately minimized variation in female size, it 139 was impossible to eliminate all variation experimentally. Since female size can independently 140 account for variation in clutch size (e.g. Schrader et al 2016), it might mask more subtle 141 effects of any male-induced effects on her fecundity. To control for the possibility, we next 142 incorporated female size into analyses of fecundity stimulation. This exposed effects of the 143 second male on clutch size ( Figure 4a ). Furthermore, we found that Small second males 144
were especially effective at inducing larger females to lay more eggs (Figure 4a , estimated 145 effect of second Small male = 1.35, se = 0.34, z = 3.98, P < 0.001). However, larger females 146 were more likely to lay fewer eggs when second males were Large (Figure 4a ). These results 147
show that Small males were more effective than Large males at stimulating female fecundity, 148 even when they mated second. They also reveal size-related variation in the female's 149 response to fecundity stimulation, with clutch size declining with female size when second 150 males were Large, but rising with female size when second males were Small. When we 151 repeated these analyses using brood size at dispersal, rather than clutch size as the 152 measure of fecundity, the effects persisted in a similar direction but were no longer as great 153 in magnitude, nor were they significant ( Figure 4b the Small male is their sire. Fecundity stimulation therefore provides a general non-genetic 169 mechanism for the cross-generational transmission of body size and a simple mechanism for 170 telegony, where offspring inherit characteristics of their mother's previous mates (Crean et al. 171 2014). Nevertheless, the effects of the Small males on larval size at dispersal were weaker 172 than their effects on clutch size. This suggests that females may be able to counteract any 173 negative effects on offspring size of over-producing larvae, and that these measures occur 174 between egg-laying and larval dispersal. A likely counter-measure, known to happen in 175 burying beetles, is partial filial cannibalism of first instar larvae (Bartlett 1988) . 176
177

DISCUSSION 178
Our results reveal that Small males are more effective than Large males at stimulating 179 female fecundity, but do not indicate how this is achieved. Since there is no courtship 180 behaviour in burying beetles, nor the presentation of any nuptial gifts, nor any pheromonal 181 displays when beetles are in close proximity, we suggest these effects are most likely due to 182 to gain fitness. Our data suggest that here too, fecundity stimulation is potentially adaptive 205 because it increases the chance that he will fertilise some eggs. Larger males are less 206 dependent on stimulating female fecundity because they are more likely to win contests for a 207 carcass, and consequently better able to monopolise matings with the dominant female (e.g. Nevertheless, and just as predicted by theory (Alonzo & Pizzari 2010), we have shown that 210 they can profit from the increased fecundity stimulated by female's earlier promiscuity with 211 other males, providing they sire a high proportion of the brood. 212
From the female's perspective, it is presumably beneficial to outsource fecundity 213 stimulation to the male, at least to some extent (Alonzo & Pizzari 2010) . Nevertheless, we 214 found evidence to suggest that females vary in their response to fecundity stimulation in a 215 complex way, according to their size, and the size of the second male they mated with 216 ( Figure 4 ), even though we deliberately minimised variation in female size experimentally. 217
Since a female's social status also varies with size in burying beetles (Muller et al. 1990, 218 Muller & Eggert 1992), it raises the previously unexplored possibility that a female's response 219 to fecundity stimulation might vary adaptively, according to the mating strategy associated 220 with her social status. This will determine the benefits she stands to gain from fecundity 221 stimulation relative to the costs she incurs. In cooperative breeders with helpers and a high 222 level of reproductive skew, for example, it may be beneficial for a dominant female to be 223 susceptible to fecundity stimulation because then she can gain extra offspring without paying 224 all the costs of raising them. The same reasoning could apply to subordinate interspecific 225 brood parasites. By contrast, any female that is likely to pay a sub-optimally high cost for 226 producing more young will benefit by resisting fecundity stimulation (Lessells 2006). It would 227 be interesting to explore these possibilities in future theoretical and empirical work. 228
In summary, competition for a carcass breeding resource in burying beetles causes 229 large males to become dominant and smaller males to be subordinate. Dominants and 230 subordinates then pursue contrasting mating strategies, which intensify sperm competition. 231
We have shown that smaller males can enhance their success in the competition for 232 fertilisations by more effectively stimulating female fecundity. We have also shown that large 233 males can profit from the fecundity stimulating actions of their female's previous mates. 234
Finally, we have demonstrated that the greater stimulation of female fecundity by smaller 235 males causes the production of smaller offspring, a finding that solves the puzzle of from our experiment is that there are opposing effects on body size of competition before and 238 after mating. Competition for a carcass persistently selects for larger individuals. But sperm 239 competition favours smaller, subordinate males that more effectively stimulate female 240 fecundity and this causes the production of smaller individuals. The variance in body size 241 might be increased as a result of these two opposing effects, but the mean will remain 242 unchanged. The experiment consisted of two steps: 1) generating beetles of different sizes, and then 2) 268 measuring the effect of i) male size on fecundity stimulation and ii) fecundity stimulation on 269 offspring size.
Step 1: Manipulation of Beetle Size 271 Three groups of experimental subjects were created in this step: intermediate-sized females, 272 large males, and small males. To achieve this, a male and a female burying beetle were 273 placed in a breeding box, one-third filled with moist soil. The mated pairs were 2-3 weeks old, 274
were not siblings and were both virgins. To breed intermediate sized females, mating pairs 275 were given an 8-14g freshly defrosted mouse carcass. After eclosion, the beetles were 276 sexed: the females were retained and the males were discarded. 277
To manipulate male size, mating pairs were given a mouse carcass weighing 21-26g. Five 278 days after pairing, half the larvae were removed from the carcass to eclosion boxes. This 279 early removal, before natural dispersal, prevented carcass consumption and so yielded Small 280 individuals (from methods used by Steiger 2013). The larvae that remained on the carcass, 281
and were now destined to be Large, were removed 8 days after pairing (which is when larvae 282 typically disperse from the carcass) and transferred to eclosion boxes. After eclosion, 283 individuals from both these treatments were sexed. The males were kept and the females 284 were discarded. 285
The pronotum width of beetles from all three groups of retained offspring was 286 measured at eclosion. Males of intermediate size were discarded to ensure that there was no 287 region of overlap between the Large and Small males. Large males were therefore 288 significantly larger than Small males (t-test: t76 = 26.6, P < 0.0001). Large and Small females 289
were also discarded to ensure that any differences detected between treatments could be 290 attributable to the greater variation in male size, and mating sequence. The remaining 291 experimental beetles were then left for two weeks to reach sexual maturity. The pronotum 292 width of all the experimental beetles fell within the range observed in natural populations of 293 this species (range of beetles found in the wild: 3.10 -6.01 mm; range in this experiment: Step 2: Fecundity stimulation by males, and effects on females and offspring 296
In burying beetles the dominant male on the carcass holds the favoured role in sperm 297 competition because he can monopolise matings with the female over a prolonged period 298 and just prior to egg production (Pettinger et al. 2011). These males are usually also larger 299 and therefore in better condition. Satellite males are disfavoured by both the relative lack of 300 mating opportunities (Pettinger et al. 2011) and by being smaller. Our experiment was 301 designed to break up the usual correlation between mating opportunities and male size, so 302 that we could more confidently attribute a male's ability to gain paternity and stimulate 303 fecundity to male size alone. Furthermore, the procedure for mating the beetles was 304 designed to maximise the exposure of the female to each male, so that any effects we detected on fecundity stimulation and paternity were more likely to be explained by events 306 after mating rather than opportunities for mating. (Note that there is no courtship in this 307 species). Thus we are not attempting to estimate the likely share of paternity in the wild by 308 recreating natural conditions for mating but rather to test specifically for evidence that males 309 of different social status by virtue of their size (dominant = Large; subordinate = Small) differ 310 in the extent to which they can stimulate a female's fecundity. 311
To achieve this, males and females were divided into four treatment groups. Females were 312 each mated successively with the two types of males in a fully crossed design, comprising: a 313
Large male followed by a Small male (LS) and a Small male followed by a Large male (SL), a 314
Large male followed by another Large male (LL) and a Small male followed by another Small 315 male (SS). Within each experimental trio, the first male (M1), the second male (M2) and the 316 female (F), were all unrelated. Each trio comprised adults that derived from a unique 317 combination of broods, to prevent any confounding effects that might be attributable to the 318 family of origin. 319
The mating procedure began when we placed a virgin female in a breeding box with the first 320 male for 24h. The first male was then exchanged with the second male who remained with 321 the female for a further 24h. When the second male was removed, the female was given a 322 10-12g mouse carcass (mean=10.95g, SD=0.59) to breed upon. By removing males after 323 mating, we eliminated any potential confounding effects of paternal care. The breeding boxes 324
were filled with only 1cm of soil, making it possible to count the number of eggs each female 325 laid. At dispersal, eight days later, the larvae were weighed individually to within 0.001g. After 326 eclosion, offspring pronotum width was measured. 327
Parents and offspring from the successful breeding attempts (N=63 total; SS=13, LL=18, 328 SL=15, LS=17) were preserved in absolute ethanol for genetic analysis. 329
330
DNA extractions and parentage analysis 331
We used microsatellites to assign paternity. Total genomic DNA (n=1005; 204 parents of 332 known sex and 801 offspring) was individually extracted from beetle heads using the DNeasy 333
Tissue Kit (Qiagen) following the manufacturer's instructions. For parentage analysis, up to 9 334 previously developed polymorphic microsatellite markers (Pascoal & Kilner 2017) were used 335 (Table S1 ). All individuals were genotyped for 5 markers (mix1) and, when necessary 336 (n=359), for additional 4 markers (mix2) to increase confidence of parentage assignment. 337 kit. Genotyping was performed on an ABI 3730 instrument at the Edinburgh Genomics 340
Institute Sanger Sequencing Centre with GeneScan 500 LIZ (Applied Biosystems) as internal 341 size standard. Alleles were scored and checked using Peak Scanner v.1.0 (Applied 342 Biosystems) and parentage analysis was performed using CERVUS (Kalinowski et al. 2007) . 343
The number of alleles scored in all tested individuals (n = 1005) for the 9 polymorphic 344 microsatellite markers ranged between 7 and 15 (Table S1 ). For comparison with previous 345 studies, we calculated P2 scores as the share of paternity gained by male mating second 346 with the female (Table S2) . 347 348
Data analysis 349
Effect of male size on P2 and fecundity stimulation 350
We used R (version 3.3.2) for all statistical analyses. The dataset we analysed included only 351 the families where both males had sired at least one offspring each. In this way, we could be 352 confident that both males had successfully mated with the female and that each male tested 353 was reproductively competent. 354
Since there was no overlap in male size between the Large and Small treatments, we coded 355 for male treatment in our analyses by using a two level factor. In all analyses, the interaction 356 between the first male (M1) and the second male (M2) was included at first, and then 357 removed if non-significant. Block was always included as a random term in the global model, 358
but was always removed if it did not improve the fit of the model. 359
The proportion of offspring sired by the second male to mate (ie the P2 score, given by the 360 number offspring sired by the second male in relation to the total number of offspring 361 produced) was analysed with the cbind function in a glm with a binomial error structure. To 362 measure fecundity stimulation, we analysed the effect of the male on clutch size and brood 363 size, using a generalised linear model (glm) with the Poisson error term and log link function. 364
The size of the carcass was added as covariate in the model. Residuals were plotted and 365 diagnostic plots were examined for all models ensuring all analyses were appropriate. For 366 measures of fitness, we included only the absolute number of offspring sired as opposed to 367 the proportion of paternity attained. The number of offspring sired, therefore, was analysed 368 with the interaction of the two male treatments in a glm with a poisson error distribution and 369 log link function. 370
To understand which males benefitted from fecundity stimulation, we analysed the absolute 371 number of offspring sired by each male using a glm with poisson error structure and log link 372 function. To compare the numbers of offspring sired between treatments, the four treatments were treated as an independent factor with four categories and differences between 374 treatments were analysed using post-hoc comparisons. 375
Controlling for female size on the extent of fecundity stimulation 376
Here we examined the interaction between the size of the female the size of her first and 377 second mate. If this three-way interaction was non-significant, it was dropped from the 378 model. We used a glm with poisson error structure and log link function to analyse these 379 effects on clutch size and brood size. The model was simplified until the minimal model 380 remained. 381
Effect of fecundity stimulation on offspring size 382
The average size of the larvae for each brood was analysed using a linear model which 383
included the interaction between the size of the first male and size of the second male. This 384 interaction term was dropped from the model if non-significant. As the effect of male size on 385 offspring size is mediated through changes in brood size, we did not fit larval density as a 386 term in the model. Terms were removed until the minimal model was found. Effect of fecundity stimulation on number of offspring produced by a) first-mating males and 536 b) second-mating males. Each female was mated twice, with the following treatments: SS = 537 Small male followed by a Small male; SL = Small male followed by a Large male; LS = Large 538 male followed by a Small male; LL = Large male followed by a Large male. Each datapoint 539 represents a brood. Large points are the treatment means with standard errors. 
